Stable dispersion of quasi-2D graphene sheets with a concentration up to 1.27 mg mL −1 was prepared by sonication-assisted solvent exfoliation of pitch-based carbon fiber in N-methyl pyrrolidone with the mass yield of 2.32%. Prepared quasi-2D graphene sheets have multi-layered 2D plate-like morphology with rich inclusions of graphitic carbons, a low number of structural defects, and high dispersion stability in aprotic polar solvents, and facilitate the utilization of quasi-2D graphene sheets prepared from pitch-based carbon fiber for various electronic and structural applications. Thin films of quasi-2D graphene sheets prepared by vacuum filtration of the dispersion of quasi-2D graphene sheets demonstrated electrical conductivity up to 1.14×10 4 Ω/, even without thermal treatment, which shows that pitch-based carbon fiber might be useful as the source of graphene-related nanomaterials. Because pitch-based carbon fiber could be prepared from petroleum pitch, a very cheap structural material for the pavement of asphalt roads, our approach might be promising for the mass production of quasi-2D graphene nanomaterials.
Introduction
Over the past two decades, graphene, as a 2D nanomaterial, has received intensive research interest due to its fascinating optoelectrical, thermomechanical, and electrochemical properties, making it attractive for a variety of potential applications such as aerospace, automotive, flexible electronics, energy storage, catalysts, etc [1] [2] [3] [4] [5] . While bottom-up approaches such as chemical vapor deposition are superior in the consideration of the quality control of prepared single-or few-layered graphene thin film [6] , top-down approaches based on the mechanical, electrochemical, physical, and chemical exfoliation of graphite are more versatile for mass production of graphene-related carbon nanomaterials [7] [8] [9] [10] .
Until now, most top-down approaches have utilized natural or synthetic graphite as a precursor for the synthesis of graphene [11] . For example, the chemical exfoliation of graphite under strongly oxidizing circumstance through Hummers' method enables the production of graphite oxide that is solution processable as a form of graphene oxide (GO) [12, 13] . However, the chemical or thermal reduction of GO is necessary for the recovery of a highly π-conjugated graphene framework and the resulting chemically reduced graphene oxide (rGO) may have significant amounts of non-reduced (oxygenated) functionalities due to incomplete chemical reduction [14] . Up to now, the best electrical conductivity of as-produced rGO without thermal annealing is in the range of 3×10 4 Ω/, by using toxic hydroiodic acid [15] . Solvent exfoliation of graphite can overcome the preceding limitations because it only needs the ultrasonication of graphite in graphene-friendly organic media and does not require any strong oxidants or reductants [16] [17] [18] . N-methyl pyrrolidone (NMP) is one such graphene-friendly organic solvent benefiting from the matching of the surface energy values of both graphite and NMP [19] . A conductivity up to 6.5×10 3 Ω/, has been observed for a thermally annealed thin graphene film prepared from this solvent exfoliation of graphite. However, graphene dispersions prepared from graphite are highly unstable due to the strong tendency of π stacking of exfoliated graphene sheets in the solvent [16] . Therefore, exploitation of another method would be able to produce graphene dispersion presenting low levels of structural defects, high electrical conductivity, and high dispersion stability in the solvent.
While there have been significant advances both in Hummers' method and the solvent exfoliation method, alternative carbon sources other than graphite have not been developed because graphite has been regarded as the unique option for the top-down synthesis of graphene. Very recently, it has been reported that less perfectly carbonized materials such as carbon fiber (CF), carbon soot, and even paper ash are effective for the synthesis of 0D carbon quantum dots (CQD) through top-down approaches [20] [21] [22] . Therefore, it might be interesting to exploit other carbon sources as the starting materials for the synthesis of 2D graphene or quasi-2D graphene nanomaterials. Actually, it has been reported that quasi-graphene materials or thin films are able to be prepared from carbon-rich sources such as coke and pitch through chemical, physical, and thermal treatment [23, 24] . Very recently, single-layered pitch-based GO (p-GO), whose compositional and structural features are comparable to those of GO, has been successfully prepared by chemical exfoliation of pitch-based CF rather than natural graphite [25] . In this study, solvent exfoliation of pitch-based CF has been attempted to provide few-layered quasi-2D graphene sheets with remarkable dispersion stability in aprotic polar solvents ( figure 1(a) ). Graphene thin film demonstrating electrical conductivity up to 1.14×10 4 Ω/, was easily prepared by the filtration of the preceding graphene dispersion through membranes without any thermal treatment. Especially, considering that pitch-based CF can be prepared from petroleum pitch, a very cheap structural material for the pavement of asphalt roads, our approach might be very promising for the mass production of quasi-2D graphene nanomaterials presenting high electrical conductivity and dispersion stability.
Materials and methods

Materials and instruments
Chopped pitch-based CF (THORNEL ® GPC-10, carbon assay of 97+%) with filament diameter of 10 μm and length of around 1 mm was obtained from Cytec Industries Inc. NMP, acetone, chloroform, tetrahydrofuran (THF), N,Ndimethylformadmie (DMF), and N,N-dimethylacetamide (DMAc), with purity more than 99%, were purchased from Sigma-Aldrich Corp. and used without further purification. An anodized aluminum oxide (AAO) membrane with diameter of 47 mm and pore size of 0.02 μm was purchased from GE Healthcare (Whatman). Sonication was performed using Q700 tip-sonicator (standard prove 3/4″, flat head probe) of Qsonica LLC operating at 5% of maximum power at 0°C. Atomic force microscopy (AFM) images were acquired by a Multimode-N3-AM nanoscope 3D scanning probe microscopy system (Bruker). Transmission electron microscopy (TEM) images were taken on a TECNAI F20 (Philips) at 200 kV. Fourier transform infrared (FT-IR) spectra were acquired on a Nicolet iS10FT-IR spectrometer (Thermo Scientific). X-ray photoelectron spectroscopy (XPS) spectrum was recorded with a Thermo VG Scientific Sigma Probe spectrometer. Ultraviolet-visible (UV-vis) spectra were measured by a Optizen α UV-vis spectrometer (Mecasys, South Korea) in glass cuvettes having a 10 mm optical path. Zeta potential measurements were made with a Zetasizer ELS Z (Otsuka Electronics, South Korea). Field emission scanning electron microscopy (mini-SEM) images were obtained by JSM-6700F FE-SEM (JEOL). Raman spectroscopy measurements were performed on an ARAMIS Raman spectrometer (Horiba Jobin Yvon, France) by using 633 nm laser irradiation. X-ray diffraction (XRD) measurements of the samples were made by a Bruker D8-Advance x-ray powder diffractometer using Cu Kα radiation (λ=1.5406 Å). Sheet resistance of films was measured by an SR2000N automatic 4-prove station of AIT Co., Ltd.
Solvent exfoliation of pitch-based CF
A total of 10 g of chopped pitch-based CF (p-CF) powder was sonicated in 100 mL of NMP at 0°C (ice-water bath) by a tip-sonicator for up to 18 h. To minimize heat accumulation in the NMP dispersion, sonication was paused for 10 min every hour. After a certain time of sonication, the black-colored slurry was centrifuged at 500 rpm (32.2 g) for 45 min, resulting in black-colored supernatant together with the residual non-exfoliated p-CF precipitates at the bottom. About 80% of the top supernatant was carefully collected while keeping the precipitate still. When certain floating particles were observed in the collected supernatant, the supernatant dispersion was passed through loosely packed glass wool fibers, resulting in an optically clear dispersion in NMP.
Results and discussion
While pristine p-CF was not dispersible in NMP, a sonication-assisted solvent exfoliation of p-CF in NMP (10 g in 100 mL) was very effective, resulting in the black-colored dispersion of quasi-2D graphene sheets in NMP even within 1 h, as shown in figure 1(b) . The UV-vis spectrum of prepared NMP dispersion of quasi-2D graphene sheets after 6 h of sonication was mostly featureless, as expected ( figure 1(c) ) [16] . The actual concentration of quasi-2D graphene sheets in the NMP dispersion was experimentally determined as 1.27 mg mL −1 by checking the dried mass of quasi-2D graphene sheets in certain volume of NMP dispersion by forming a thin film through the vacuum filtration over an AAO membrane, which corresponds to the highest centration observed for few-layered graphene dispersion in NMP (1.2 mg mL −1 ) obtained from the solvent exfoliation of natural graphite [23] . Then, by monitoring the absorbance of NMP dispersion at 660 nm, the absorption coefficient of 3620 mL mg −1 m −1 was obtained for quasi-2D graphene sheets in NMP, which correlates with the reported absorption coefficients of graphene, which is in the range of 2460∼3620 mL·mg −1 ·m −1 [16, 26] .
The morphology of material present in the black-colored NMP dispersion obtained from the solvent exfoliation of p-CF in NMP was analyzed by TEM, AFM, and XRD. TEM images show the typical features of multi-layered graphene sheets with the lateral dimension between 100 nm and 2.3 μm, as shown in figure 2. While stacking of several graphene-like sheets was observed, 2D graphene-like morphology of individual sheets was clearly observed. Interestingly, it is thought that prolonged sonication (more than 10 h) does not show detrimental effects on the lateral dimension of graphene-like sheets obtained from the solvent exfoliation of p-cf Selected area electron diffraction (SAED) patterns from the multi-layered region in TEM images of quasi-2D graphene sheets did not show clear diffraction spots with a six-fold pattern that is typically observed from single-sheet graphene [27] . Instead, multiple spot patterns were observed in all SAED patterns regardless of sonication time, which suggests that several quasi-2D graphene sheets are stacked together with no preferential stacking orientation (see figure S1 in the supporting information) [28] . AFM topographic images show several 2D sheets with lateral dimension between 60 and 480 nm and vertical thickness less than 10 nm, as shown in figure 3 . Also, certain dot-like particles with similar thickness were observed along with the 2D sheets. Prolonged sonication (more than 10 h) dramatically increased the occurrence of dotlike particles but the thickness of the dot-like particles was similar to that of 2D sheets (see figure S2 in the supporting information). Considering that the typical thickness of a single graphene sheet is 3.4 Å, it is thought that more than six graphene-like sheets are vertically stacked in each 2D sheet or dot-like particle. XRD spectrum of p-CF revealed the characteristic graphitic scattering peak at 26.3°(3.38 Å). Interestingly, the XRD spectrum of the quasi-2D graphene film revealed a graphitic scattering peak at 26.5°(3.36 Å), as shown in figure 4 . Prolonged vacuum drying at room temperature did not create any shift of this graphite-like scattering peak. However, vacuum drying at 200°C for 20 h resulted in a slight decrease of interlayer spacing, to 26.6°(3.35 Å). At first, this slight shrinkage of interlayer distance was estimated to originate from the release of organic residues or absorbed gas molecules after vacuum treatment on heating. However, pristine p-CF did not show a noticeable change in its d-spacing after vacuum drying on heating. Therefore, smaller d-spacing of quasi-2D graphene sheets is regarded to result from more efficient packing of neighboring graphene sheets in quasi-2D graphene sheets rather than in p-cf.
The compositional features of materials present in the NMP dispersion were examined by FT-IR and XPS. The FT-IR spectra of both p-CF powder and quasi-2D graphene thin film were almost identical, showing only C=C aromatic stretching peaks at 1670 cm −1 , as shown in figure 5 . There was no evident binding peak of oxidized carbons (C-O or C=O). From FT-IR analysis, it is regarded that the solvent exfoliation process of p-CF does not induce noticeable surface oxidation. Therefore, quasi-2D graphene sheets obtained from p-CF are not GO-like or rGO-like, but graphene-like based on FT-IR analysis. The detailed binding characteristics of both p-CF and quasi-2D graphene were examined by XPS. The XPS survey scan of quasi-2D graphene thin film revealed that quasi-2D graphene sheets have carbon, nitrogen, and oxygen, as shown in figure 6(a) . The observed nitrogen incorporation in quasi-2D graphene is estimated to originate from the entrapped or absorbed NMP molecules inside the graphene-like stacked structure prepared from the filtration. The relative carbon to oxygen atomic ratio of quasi-2D graphene film and p-CF powder was 18:1 and 16:1, respectively, which is much lower than typical values of GO (1:1) and rGO (10:1) [13, 14] . To verify whether the occurrence of the O 1s binding peak originates from the surface oxidation of p-CF or not, the C 1s binding peak of quasi-2D graphene sheets was compared to that of p-cf Deconvoluting of the C 1s binding peak of quasi-2D graphene film obtained from p-CF revealed 66.6% of graphitic C−C binding (284.4 eV) together with 33.4% of other carbon bindings including aliphatic C−O (285.7 eV, 10%), C−N (286.7 eV, 6.8%), C=O (288.8 eV, 8.1%), and O−C=O (291.2 eV, 8.5%), as shown in figure 7 [16] . The observation of the C-N binding peak suggests that there are entrapped or absorbed NMP molecules on the quasi-2D graphene sheets, which is correlated with the observation of the N 1s binding peak at around 399 eV (0.6%), as shown in figure 6(b) . The complete elimination of absorbed NMP molecules might require vacuum treatment in high temperature. Heating of quasi-2D graphene sheets at 200°C for 20 h was attempted but 2.8% of C-N binding was still observed in deconvoluted C 1s peaks together with the N 1s binding peak. Both p-CF and quasi-2D graphene sheets showed significant oxidized carbon binding peaks, which suggests that there are certain amounts of oxidized (non-graphitized) carbon in both. Because carbon assay of p-CF used in this study is more than 97%, there might be significant oxidized carbons on the surface of p-cf While these oxidized carbon are not removed (or reduced) during the solvent exfoliation process, it is clear that solvent exfoliation of p-CF, with the assistance of ultrasonic treatment, does not induce further oxidation of carbon atoms of p-cf Regarding all these observations, it is clear that p-CF can be successfully utilized as a starting material for the mass production of graphene-like nanomaterials. While the resulting graphene-like sheets are not single-layered, they resemble most morphological and compositional features of few-layered graphene. One exception is the inclusion of oxidized carbons both in p-CF and quasi-2D graphene sheets. While the presence of oxidized carbons provides detrimental effects on the electronic properties of quasi-2D graphene sheets, it might be beneficial for disrupting strong van der Waals interaction between exfoliated quasi-2D graphene sheets and subsequently enhancing dispersion stability in solvent media through the build-up of surface charges. Therefore, it is regarded that sonicationassisted exfoliation of p-CF in NMP definitely enables the production of quasi-2D graphene. While the yield of this solvent exfoliation of p-CF into quasi-2D graphene is not high (routinely, 70 mg of graphene is obtained from 3 g of p-CF through this method), further control of the solvent exfoliation process and reutilization of p-CF sediment after the solvent exfoliation process might enhance the productivity of the preceding solvent exfoliation process.
The concentration of quasi-2D graphene prepared by sonication-assisted exfoliation of p-CF in NMP was highly dependent on the sonication time, as shown in figure 8(a) . The concentration of quasi-2D graphene dispersion is continuously increasing as the sonication time increases. This contrasts with the case of sonication time-dependent exfoliation of graphite, where a certain concentration drop is typically observed at a prolonged sonication time more than 6 h [19] . While the decomposition of NMP with prolonged sonication might contribute to the concentration drop, no such behavior was observed along with the solvent exfoliation of p-cf Then electrical conductivity of quasi-2D graphene thin films prepared by vacuum filtration of the graphene dispersion through an AAO membrane and sonication time was monitored, as shown in figure 8(b) . The sheet resistance of 286.7 Ω/, for the graphene film obtained from 1 h-sonicated graphene dispersion dramatically decreased to 25.5 Ω/, in the case of graphene film obtained from 2 h-sonicated graphene dispersion and further decreased to 4.3 Ω/, with 18 h sonication. The calculated electrical conductivity of 20.5 μm thick quasi-2D graphene film (18 h-sonicated) was 1.14×10 4 Ω/,. While this conductivity is not close to the in-plane conductivity of ideal graphene (10 6 Ω/,), this conductivity of the quasi-2D graphene film is approaching that of the rGO thin film (from 2420 Ω/, [29] for hydrazine-reduced rGO to 30 400 Ω/, [15] for HI/acetic acid-reduced rGO thin film). Raman spectra of quasi-2D graphene thin films clearly showed D band peaks at around 1354 cm −1 and G band peaks at 1581 cm −1 (minor D' peak at 1620 cm −1 ) with the D band to G band intensity ratio (I D /I G ) ranging from 0.4 to 0.6 (figure 9). The Raman spectrum of pristine p-CF revealed I D / I G of less than 0.003 with a hardly traceable D' peak. The increase of I D /I G for quasi-2D graphene sheets might be related to the decrease of the lateral dimension of the graphitic framework compared with the pristine p-CF after sonicationassisted solvent exfoliation [30] . From the shapes of the 2D band peaks at 2709 cm −1 of quasi-2D graphene films, it is estimated that quasi-2D graphene films have multi-layered graphene sheets [31] . While portions of black-colored dispersion obtained from p-CF has 0D particle-like morphology, SEM analysis of quasi-2D graphene films showed typical SEM images of layered graphene sheets, as shown in Raman spectra of quasi-2D graphene sheets at different sonication times (excitation with 633 nm laser). figure 10 [32] . The wrinkled and layered structures are clearly visible in SEM images of all graphene films regardless of sonication time.
Quasi-2D graphene sheets prepared by sonication-assisted solvent exfoliation of p-CF in NMP were highly dispersible in aprotic polar solvents such as DMF, DMAc, and NMP with only brief bath sonication at concentrations more than 4 mg mL −1 ( figure 11(a) ). No floating particles or precipitate were observable, even after several days. Quasi-2D graphene powders are slightly dispersible in acetone, chloroform, and THF, but they quickly precipitated within 12 h. While graphene dispersion prepared from natural graphite presents weak dispersion stability after prolonged storage, the dispersion of quasi-2D graphene sheets was highly stable in the above polar aprotic solvents for more than 1 month. Zeta potential values of quasi-2D graphene sheets in this study were measured as −34, −42.8, and −111.4 in NMP, DMF, and DMAc, respectively ( figure 11(b) ). These high zeta potential values of quasi-2D graphene sheets might originate from the residual oxidized carbons, which supports the excellent dispersion stability of quasi-2D graphene sheets in aprotic polar solvents. For the nanocomposite application of graphene-related nanomaterials, the strong interfacial interaction between nanofillers and the matrix polymer is very important [33] . The facile dispersion of quasi-2D graphene sheets in common organic solvents could be very promising for the construction of various polymer nanocomposites based on quasi-2D graphene sheets. Also, the presence of oxidized carbons in quasi-2D graphene sheets might enable facile surface functionalization of quasi-2D graphene sheets and deposition of inorganic nanoparticles, which might be useful for the incorporation of quasi-2D graphene sheets in various practical applications where graphene sheets have been intensively exploited.
Conclusion
Sonication-assisted solvent exfoliation of p-CF was attempted in NMP, resulting in very stable dispersions of quasi-2D graphene sheets. Prepared quasi-2D graphene sheets showed very similar morphological and compositional features comparable to graphene. While quasi-2D graphene sheets are not single-layered, they are 2D-like, ultrathin (less than 8 nm), laterally wide (up to few μm), less oxidized, and less defected in comparison with their counterparts, GO and rGO. The excellent dispersion stability of quasi-2D graphene sheets enables various wet processes to formulate quasi-2D graphene-based thin films or nanocomposites. Thin graphene film prepared from the vacuum filtration of the NMP dispersion of quasi-2D graphene sheets accomplished electrical conductivity up to 1.14×10 4 Ω/, even without any thermal treatment. Especially considering that pitch-based CF can be prepared from petroleum pitch, which is a very cheap structural material for the pavement of asphalt roads, our approach might be promising for the mass production of quasi-2D graphene nanomaterials. 
